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Introduction 
Brucellosis is still one of the most common bacterial zoonosis
in the world and an important cause of human suffering and
economical losses. This disease is caused by several species
of the genus Brucella, an homogeneous group of facultative
intracellular pathogens belonging to the α-2 subdivision of the
Proteobacteria [30]. Accordingly, the brucellae are Gram-
negative eubacteria endowed with cell envelopes (CE)
composed of inner and outer membranes (OM) enclosing a
periplasm with a peptidoglycan (PG) mesh and soluble
components [15]. However, the brucellae do not grow in several
selective media in which classical Gram-negative bacteria grow,
show acid-fastness by the Stamp’s modification of the Ziehl-
Neelsen method, and are resistant to classical procedures of
periplasmic extraction. These simple observations hint at
differences between the CE (and OM) of brucellae and those
of other Proteobacteria usually taken as models of the Gram-
negative cell. Since the OM and adjacent layers are in interplay
with the environment, the bases for those differences should
be relevant in the relationship between the brucellae and their
hosts and could relate, at least in part, to their peculiar
intracellular parasitism. This review is focused on the OM
features of B. melitensis and B. abortus, two of the nominal
species distinguished within the genus by their surface features
and preferential host range, and which have been studied in
more detail because of their greater importance in animal and
human health. 
The smooth lipopolysaccharide
The characterization of phenol-water and ether-water extracts
combined with immunoabsorption experiments [11, 36] and
electron microscopy observations [15] soon established the
presence of an endotoxic smooth (S)-type lipopolysaccharide
(LPS) in the surface of S brucellae. Moreover, these early studies
also suggested the presence in the CE of a second
polysaccharide [the native hapten (NH)] antigenically related
to the S-LPS [11]. Although it has been known since then that
these molecules carry the serologically dominant antigenic
determinants of the cell surface, their characterization is not
complete. For the S-LPS, this would mean the elucidation of
its main sections: lipid A, oligosaccharide core, and O-chain
polysaccharide.
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Structure and properties of the 
outer membranes of Brucella
abortus and Brucella melitensis
Summary The brucellae are Gram-negative bacteria characteristically able to multiply
facultatively within phagocytic cells and which cause a zoonosis of world-wide
importance. This article reviews the structure and topology of the main components
(lipopolysaccharide, native hapten polysaccharide, free lipids and proteins) of the
outer membranes of Brucella abortus and B. melitensis, as well as some distinctive
properties (permeability and interactions with cationic peptides) of these membranes.
On these data, an outer membrane model is proposed in which, as compared to other
Gram-negatives, there is a stronger hydrophobic anchorage for the lipopolysaccharide,
free lipids, porin proteins and lipoproteins, and a reduced surface density of anionic
groups, which could be partially or totally neutralized by ornithine lipids. This model
accounts for the permeability of Brucella to hydrophobic permeants and for its
resistance to the bactericidal oxygen-independent systems of phagocytes.
Key words Brucella abortus · Brucella melitensis · Outer membrane (OM) ·
Lipopolysaccharide (LPS) · Bacterial pathogenicity
[Abbreviations used in the text: CE, cell envelope; Kdo, 3-deoxy-D-manno-2-octulosonate; LPS,
lipopolysaccharide; NH, native hapten polysaccharide; NMR, nuclear magnetic resonance; OM, outer
membrane ; Omp, outer membrane protein; PAGE, polyacrylamide gel electrophoresis; PAL, peptidoglycan
associated lipoproteins; PG, peptidoglycan; R, rough; S, smooth; SDS, sodium dodecyl sulfate.]
The Lipid A There is only partial agreement among the
lipid A structures that can be derived from recent chemical
analyses. Two studies have reported a backbone disaccharide
of 2,3-diamino-2,3 dideoxy-D-glucose in β-1,6 linkages 
[35, 47]. In this diaminoglucose disaccharide, the β-hydroxy
fatty acids (C12, C14 and C16) are amide bound, and ester-
linked fatty acids are found only in acyl-oxyacyl groups and
have acyl chains equal to or longer than C16. According to two
studies, they include 27OH-C28:0 and traces of 29OH-C30:0
[30, 47], and preliminary analysis of materials obtained by mild
hydrolysis show also 27keto-C28:0 and traces of 29keto-C30:0
fatty acids. Lipid A disaccharides are most often substituted
with phosphate, and 1 or 2 orthophosphate molecules in the B.
abortus GlcN3N-GlcN3N disaccharide has been reported 
[35, 47]. Although the composition of the sugar backbone seems
constant, there is lipid A heterogeneity which possibly relates
to the degree of phosphorylation and acyl substitution [17, 47].
Ethanolamine and arabinosamine, often present in the lipid
A of enteric bacteria, have not been found. A tentative structure
of the B. abortus lipid A is presented in Fig. 1B.
The Core oligosaccharide The structure of the LPS core
oligosaccharide has not been elucidated in any Brucella
species. Mannose and 2-amino-2,6-dideoxy-D-glucose
(quinovosamine) are components of the core [17]. In addition,
there is 3-deoxy-D-manno-2-octulosonate (Kdo), possibly in
two types of substitution but with no phosphate [47]. 
L-glycero-D-manno-heptose, the sugar usually linked to Kdo,
is absent. There is also evidence for 2-amino, 2-deoxy-D-
glucose (not detected in the lipid A). In all likelihood, Kdo
is bound to the nonreducing sugar of the lipid A disaccharide
(Fig. 1B), and quinovosamine could bridge the core to the O-
chain. Core heterogeneity in some spontaneous rough (R)
mutants has also been reported [17]. The absence of phosphate
is remarkable because Kdo often carries phosphate groups
which contribute to the overall negative charge of the lipid
A-core region.
The O-chain polysaccharide Controlled acid hydrolysis
of S-LPS yields a polysaccharide which, in B. abortus biotype
1, is constituted by an unbranched homopolymer (the O-chain
polysaccharide) of α-1,2-linked 4-formamido-4,6-dideoxy-D-
mannose [N-formyl-perosamine (Fig. 1A)] [34] plus residual
core sugars. In B. melitensis biotype 1, the O-chain
polysaccharide consists of repeating blocks of five N-formyl-
perosamine residues, four α-1,2-linked and one α-1,3-linked
(Fig. 1A). Like in other S Gram-negative bacteria, it shows
molecular weight heterogeneity within a given strain, and
heterogeneity in average length among strains has been shown
[2]. From 13C-NMR (nuclear magnetic resonance) and sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis
(PAGE) analyses, the average number of monosaccharides has
been estimated in 96 for B. abortus 1119-3 [34] From data
obtained by high performance gel permeation [1], 130 to 35
and 92 to 25 sugar residues can be calculated for B. melitensis
16M and B. abortus 2308, respectively. 
The relative frequency of α-1,2 and α-1,3 linkages explains
the epitopic structure of the O-chain. Most authors accept the
Douglas and Palmer [13] modification of the 
A + M antigenic structure of Wilson and Miles, according to
which O-chains of biotype 1 B. abortus and B. melitensis
carry exclusively A or M epitopes, respectively, plus a
common C epitope(s) accounting for the cross-reactivity. Like
B. melitensis biotype 1, serologically intermediate biotypes
(AM) also have the α-1,3 linkage but in reduced proportions.
Thus, in common with B. abortus biotype 1, the O-chain of
these biotypes have stretches of more than five sugars
continuously linked in α-1,2. Because the α-1,3 linkages kink
the otherwise homogeneous (α-1,2 N-formyl-perosamine
polymer (Fig. 1), the M and AM O-chain polysaccharides can
be predicted to establish looser interchain linkages (hydrogen
and, perhaps, hydrophobic bonds) in the outer polysaccharide
layer of the OM. This explains the greater diffusion of the
aggregates of the M-type LPS in gel precipitation tests [37]
and could also cause subtle physical differences in the surface
of the A, AM, and M serotypes.
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Fig. 1 Non proteic components of the OM of Brucella melitensis and Brucella
abortus. (A) N-formyl-perosamine showing the positions of the inter sugar
linkages and oligosaccharide models showing the effect of absence (B. abortus
biotype 1, A-type O-chain) or presence (B. melitensis biotype 1, M-type 
O-chain) of the α-1,3 linkage. (B) Tentative structure of the B. abortus lipid
A with the position of possible ester linked phosphates and of the linkage to
the Kdo; microheterogeneity could arise from variations in phosphate and acyl-
chain substitution. (C) Model showing the packing of LPS, NH, and free lipids
in the OM; the O-chain represented would be of the M type (see panel A) and
the core is represented as branched to illustrate a hypothetical hindrance to
polycations; symbols with – and + in the outer leaflet denote the negatively
charged groups (Kdo and phosphates) and cationic heads of ornithine lipids,
respectively; for clarity, not all acyl chains of the LPS are represented; the ✭
symbol marks the likely position of the iso hydroxyl group of C28 acyl chains
(thicker lines); although the O-chain and NH have the same overall chemical
structure, the latter is represented in gray tones, with a s marking the hypothetical
sugar of the reducing end or with a hypothetical linkage to an acyl chain carrying
molecule (•) (the relative proportions of LPS and NH are unknown);phospholipids (mostly phosphatidylcholine) are depicted only in the inner
leaflet of the OM but their topology has not been studied
The native hapten polysaccharides
These haptenic polysaccharides were first defined by
immunoprecipitation of extracts from S brucellae [11], and
are found in the literature under a variety of names (fast
diffusing component, first component, second polysaccharide
and native hapten). A serologically related component present
in the R mutant B. melitensis 115 was originally named
polysaccharide B [1].
NH and polysaccharide B have been the subject of
controversy. Using B. melitensis 16M extracts some authors
have equated the polysaccharide B with some serologically
inactive cyclic 1,2-β-glucans [4, 34] similar to the periplasmic
glucans of several Rhizobiaceae [3, 30]. Moreover, NH have
been considered as mere O-chain-core polysaccharide
fragments resulting from a hypothetical hydrolysis occurring
during LPS extraction [34]. However, the name polysaccharide
B cannot be applied to those cyclic glucans without disregard
of the original serological and strain definition, and there is
strong and widespread evidence showing that NH do not result
from LPS hydrolysis [1]. The existence of O-chain like
polysaccharides not linked to core-lipid A in the OM of several
Gram-negative bacteria is currently accepted, and it occurs
as a result of variations in the standard polymer: lipid A-core
ligase reaction (49). Indeed, part of the confusion around NH
and polysaccharide B has arisen from the several names used,
but also from the oversight of the immunoprecipitation
conditions necessary to show their presence [1].
The NH of B. melitensis 16M and B. abortus 2308 are
closely similar to their respective O-chains, both in size and
chemical composition (but in the linkage to Kdo carrying
oligosaccharides); nevertheless, some aspects remain to be
elucidated for their complete characterization. 13C-NMR spectra
of serologically and chromatographically pure NH show small
signals not corresponding to the N-formyl-perosamine sugars
[1]. According to current views, OM homopolymers are
synthesized linked to an undecaprenol-PP-N-glucosamine
primer by a Wzy-independent pathway [49]. Thus, those signals
could correspond to a glucosamine unit linked to the reducing
end of NH. Structurally, we have provided evidence supporting
a model in which free NH is intertwined with the LPS O-chain
and anchored in the OM by polysaccharide to polysaccharide
interactions, and there is also evidence for a lipid-linked NH
[41, Aragón et al., unpublished] (Fig. 1C). The ratio LPS/NH
has not been determined and there could be strain and species
differences.
Free lipids 
Because of the difficulties in achieving a good physical
separation of the OM of Brucella [33, 44], there are no specific
studies on the free lipids (i.e., those than can be extracted with
ethanol-diethyl ether or chloroform-methanol mixtures) of the
Brucella OM. The free lipid composition of whole Brucella
cells has been previously reviewed [4], but we discuss here the
more relevant aspects. Although the lipid composition depends
on medium and age of the culture, it is well known that the
major phospholipid in B. abortus and B. melitensis is
phosphatidylcholine [37% of the total phospholipid; others are
phosphatidylethanolamine (33%), cardiolipine (20%) and
phosphatidylglycerol (10%)]. There is evidence that
phosphatidylcholine is enriched in the OM. This is interesting
because phosphatidylcholine has structural properties different
from those of phosphatidylethanolamine (the main phospholipid
in many Gram-negative bacteria) and tends to form more stable
bilayers. In addition, B. abortus and B. melitensis contain neutral
lipids, of which the ornithine lipids are remarkable. In those
lipids, the ornithine residue is ester-linked to ethylen glycol,
and there are two fatty acids, one ester-linked (to the glycol)
and other amide-linked. This means that there is one amino
group free and, therefore, that the ornithine lipids carry positive
charge. The location of these ornithine lipids in the CE is not
known, but they are often coextracted with the LPS and a
location on the surface of the OM seems possible. An interesting
possibility is that they shield the negative charge of the
phosphates of the lipid A [26] (Fig. 1C). The dominant fatty
acids in both phospholipids and ornithine lipids are C:16 and
19:Ocyclopropane (lactobacillic acid). Although the precise
packing is not known, their comparatively longer acyl chains
suggest an average acyl-chain membrane span greater in
Brucella than in classical Gram-negative bacteria.
Outer membrane proteins
General characteristics The major outer membrane proteins
(Omp) of Brucella were first identified in the 1980s by
detergent extraction of CE, and classified according to their
apparent molecular mass in SDS-PAGE as group 1 (94 or 
88 kDa), group 2 (36–38 kDa), and group 3 (31–34 and 25–27
kDa) (50). Resistance to nonionic detergents and EDTA was
noticed in these studies, and a tight interaction of several Omp
with the LPS and with the PG was observed. Moreover, it was
also shown that group 2 were porins and a lipoprotein similar
to Escherichia coli Braun’s lipoprotein was partially
characterized (for a detailed review of these early studies see
[44]). In later works, the genes of group 2 and 3 Omp and of
several minor Omp have been characterized. There is diversity
among the genes of the major Omp at species, biovar and
strain level that are of taxonomical and epidemiological
interest and that have brought new insights into the evolution
of brucellae (for a review see [5]). Although the corresponding
genes have been sequenced, the nature and precise role of
group 1 proteins remains to be clarified, and we summarize
here only those aspects of structural and functional interest
of the better known Omp.
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Group 2 Two closely linked genes (omp2a and omp2b)
encode porin proteins with a high degree (> 85%) of homology
[16]. Interestingly, only Omp2b is expressed in laboratory
grown B. abortus [25] but, although its expression in Brucella
has not been observed, Omp2a increases the permeability to
maltodextrins when cloned in E. coli [25]. As judged by
detergent extraction, the ration porin/group 3 Omp is diminished
in B. melitensis with respect to B. abortus, and a further
reduction is observed in R mutants of the former species [50].
Association in a trimeric SDS-resistant state (a hallmark of
porins) has been shown for group 2 (Omp2b in all likelihood)
[50]. Several analytical algorithms coincide in suggesting a
more hydrophobic overall structure (Hopp-Woods and Kyte-
Doolittle) and a comparatively reduced surface exposure
(Karplus-Schulz and Parker) for Omp2b than for the OmpC
and OmpF porins of enteric bacteria. Since OmpF and Omp2b
are membrane spanning proteins with similar internal pore
diameters (see Permeability) and OmpF is larger than Omp2b
(362 vs. 308 amino acids), this higher hydrophobicity would
be in keeping with the lipid composition and overall OM
properties (see Hydrophobicity).
Group 3 Two proteins of 25 and 31 kDa with only 34% of
identity are included in group 3 [50] and they are coded for by
the omp25 and omp31 genes [5]. Based on algorithmic analyses
of the predicted amino acid sequences, none of these two
proteins would show the hydrophobicity of Omp2b and both
would have significantly more surface exposed epitopes. Omp25
shows small identity with E. coli OmpA, previously suggested
to be the equivalent of group 3, and there is also a large
difference in size (113 amino acids). However, although not
homologous, it could be that both proteins play a similar or
overlapping role in the OM. OmpA interacts with the PG, other
Omp and the LPS, and mutants lacking OmpA show
considerable membrane instability. At least in part, these
properties are related to β-sheet structures which both favor
the binding of amphiphiles (like detergents and LPS) and cause
the characteristic heat-modifiable electrophoretic migration of
OmpA. The same set of features is also present in Omp25.
Although Brucella porins also carry tightly bound LPS and
lipids [32], greater amounts of LPS are observed in the 25 kDa
protein of group 3 (Omp25 in all likelihood) after SDS-PAGE
[19] and, as previously observed for OmpA, addition of LPS
to SDS-denatured B. abortus Omp25 restores native
conformational epitopes [6]. Moreover, the characteristic heat-
modifiable SDS-PAGE migration of OmpA has also been shown
for the 25 kDa protein [19] and, although the interactions among
Brucella Omp have not been studied, an SDS-resistant dimeric
state has been observed for group 3 Omp of 
B. melitensis [50]. Finally, a more stringent structural constrain
in Omp25 than in porins is suggested by the fact that, as
compared to omp2 genes, omp25 is highly conserved in
Brucella species, biovars and strains [5]. Analysis of the OM
properties of Omp25 deficient mutants would help to clarify
its role. 
The role of Omp31 should also be studied. This protein is
able to form oligomers resistant to SDS denaturation, a property
also presented by porins. This Omp is absent from B. abortus
(due to a large deletion) but not from other Brucella species
[5]. Taken together, both observations have lead to hypothesize
that Omp31 could be a porin present in those Brucella species
which have reduced expression of omp2 genes [5, 48]. This
would be an interesting situation because, whereas in bacteria
expressing several types of porins (such as E. coli) the different
porin genes (ompC, ompF and even lamB) show considerable
homology, omp2b and omp31 are quite different. Functional
assays are necessary to elucidate this point.
Lipoproteins By a modification of Braun’s protocol based
on extensive SDS extraction of CE from exponentially growing
Brucella, the trypsin fragment of a lipoprotein akin to the PG-
linked E. coli lipoprotein has been partially characterized and
shown to carry the long fatty acids characteristic of the brucellae
[20]. In a different study [7], the presence of this lipoprotein
was not confirmed but differences in extraction procedures
could account for the discrepancy. Genetic studies are necessary
for a better understanding of the characteristics of this protein.
In addition, several low molecular weight proteins have been
identified as minor Omp in B. abortus (Omp19, Omp16.5 and
Omp10) [45, 46]. According to the predicted amino acid
sequence, these proteins are largely hydrophilic and similar to
the PG-associated lipoproteins of E. coli and other Gram-
negative bacteria [the peptidoglycan associated lipoproteins
(PAL), different from Braun’s lipoprotein]. Based on this
similarity, they can be predicted to carry three fatty acids linked
to a N-terminal glycerylcysteine (two ester and one amide
linked, like Braun’s lipoprotein).
Topology of the outer membrane proteins 
As expected, hydropathy plots of the major Omp predict both
hydrophobic and hydrophilic domains. The former allow for a
hydrophobic interaction with other OM elements, and indirect
evidence suggests that such interactions are tighter than those
described for classical Gram-negative bacteria. The latter make
possible interactions with the PG and a surface exposure which,
according to sequence analyses (Karplus-Schulz and Parker
algorithms), is considerably reduced in Omp2b with respect to
Omp25 and Omp31.
Peptidoglycan association Comparative electron
microscopy studies show that the Brucella PG presents an
interaction with the OM much tighter than that observed in E.
coli [15]. In addition, it has been noted that, whereas heat
inactivation of cells causes the B. abortus cytoplasmic
membrane to collapse, the OM keeps its morphological
appearance despite extensive release of OM materials [42].
This suggests that the OM-PG interaction results in an OM
stiffness greater in Brucella than in other Gram-negative
bacteria. Because of the role that its counterpart plays in E.
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coli, the Braun’s type lipoprotein should play an important role
in such interaction. Moreover, the PAL features of Omp10,
16.5 and 19 indicate their association to the PG. This, and their
predicted hydrophilic and lipoproteic nature, strongly suggests
that they are periplasmatically associated to the OM through
their lipid moieties. If the fatty acids they carry are of long acyl
chains as in other lipidic components of the brucellae, their
anchorage to the OM should be comparatively stronger than
those of other PAL (see Hydrophobicity).
In some extraction procedures, Brucella groups 2 and 3 Omp
often appear tightly associated with the PG, and there are
conflicting views on the structural meaning of these observations.
On one side, the association is thought to be partially caused by
inactivation of the bacteria before extraction, since similar
observations can be made with E. coli [50], and by conditions
of extraction not harsh enough to eliminate the stronger
hydrophobic effects in the Brucella CE (33) (see Hydrophobicity).
On the other side, the need for lysozyme digestion to release
those Omp from a SDS-resistant fraction of CE obtained from
heat-inactivated cells, and the reactivity of Omp prepared in this
way with monoclonal antibodies reacting with B. melitensis PG
(obtained by SDS, NaOH and pepsin treatment), are taken as
evidence for a covalent linkage [5, 7]. This interpretation is
apparently supported by observations made with Rhizobium
leguminosarum, another member of the α-2 subdivision of the
Proteobacteria. Based on the resistance to conventional SDS
extraction and the 3H labeling of SDS-PAGE resolved Omp
obtained from cells grown with N-[3H]acetyl-glucosamine, several
R. leguminosarum Omp have been described as covalently bound
to the PG [9] and, noteworthy, these Omp show 35 to 40%
identity with several Brucella Omp [40, 48]. However, such R.
leguminosarum Omp are also in a fraction extracted without
lysozyme digestion [9], and indirect labeling by a tightly bound
LPS (exogenous acetylglucosamine can act as a lipid A precursor)
similar to that carried by Brucella Omp after SDS-PAGE was
not evaluated.
There is agreement on the fact that at least a fraction of
Omp does not require lysozyme to be released from the
Brucella CE [7, 33, 44]. Thus, it seems that only an
undetermined proportion of each Omp could be covalently
linked to PG and what could remain to be studied is the
free/bound ratio for each Omp and, perhaps, the influence of
the growth phase. It has also be taken into account that,
although both Brucella Omp31 and Rhizobium RopB can be
expressed in E. coli OM in an apparently native state, their
reported covalent association with the PG is not observed [10,
48]. This suggests that either the hypothetical covalent binding
is due to peculiarities of the Brucella (and R. leguminosarum)
PG and periplasm, or the lipid environment (similar in
Brucella and in R. leguminosarum) in which the Omp are
inserted, accounts for the discrepancies. Thus, further research
would have to be performed directly with the Brucella CE
and for this purpose two points remain critical: the use of CE
obtained from bacteria not inactivated by methods introducing
CE artifacts; and the use of PG extraction procedures modified
to take into account the Brucella CE peculiarities, including
a follow up of appropriate markers during purification.
Unfortunately, the reports on the chemical composition of
Brucella PG are somewhat contradictory [22, 24] and its
structure should be reexamined by modern methods of analysis
(and for amino acid determinations the contamination with
tightly bound proteins evaluated). An additional point to be
considered is the possibility of an oxidative deamination of
Omp lysine residues to yield aldehides which could form
aldimine crosslinks by Schiff-base formation with available
amino groups of PG [12]. Although they could be artifacts,
such allysine residues have been proposed to explain the
observation that in E. coli stationary phase cells several Omp
appear bound to the PG in a SDS-resistant manner. Like E.
coli porins and OmpA, Omp25 and Omp31 have lysine
residues (15 and 14, respectively) in hydrophilic domains but
their number is reduced to only 2 in Omp2b. 
Outer surface exposure Two different probes have been
used to examine exposure of proteins on the outer surface of
Brucella: 125I-lactoperoxidase and antibodies. The first method
[31] showed an OM protein profile more complex in Brucella
than in the E. coli used as control. Although this method
revealed all major Omp plus additional proteins which should
correspond to the minor Omp, it failed to reveal differences
between S and R brucellae. Differences in the accessibility
to antibodies of immunogenically dominant Omp of S B.
melitensis and both R B. melitensis and B. ovis cells were
noticed in absorption experiments performed with sera of B.
ovis infected rams [38]. In a refined research, Cloeckaert
et al. [8] showed by immunogold labeling with monoclonal
antibodies and cells killed with 0.1% peracetic acid that most
Brucella Omp have epitopes exposed on the surface of S
cells, and that exposure is increased in R cells. Moreover,
these authors also noticed that Omp 89 kDa and 31–34 kDa
were not accessible in S B. abortus, whereas they were
exposed on R B. abortus and also on S B. melitensis. Thus,
these findings showed not only the differences between S
and R cells that had been observed in other Gram-negative
bacteria, but also some degree of Omp exposure on S cells
and suggestive species differences. Although obtained with
heat-inactivated cells, these findings were extended in a later
work [2]. Such antibody accessibility also include the three
PAL-like Omp [2, 8] and the Braun’s type lipoprotein [21]
and, according to this evidence, all these lipoproteins could
be on both sides of the OM. This is an intriguing feature
which should be the subject of further research. For the S
strains, all these observations can be interpreted as indicating
that the LPS molecules with shorter O-chains are
preferentially distributed in the periphery of some Omp, or
another key surface element such as the NH polysaccharide
is unevenly distributed in the cell surface, or both possibilities.
A hypothetical topology of the B. melitensis Omp is presented
in Fig. 2.
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Properties of functional significance
Permeability The penetration of small hydrophilic molecules
through Brucella group 2 Omp was shown by Douglas et al.
[14] using proteoliposomes. In this functional assay, E. coli
OmpF and Brucella porins had a similar apparent internal
diameter (1.2 nm), with slight species and strain differences.
Since thionine (used in Brucella biotyping) has an exceptionally
low hydrophobicity among dyes, it was also suggested that
species differences in thionine sensitivity relate to different
functional properties of their porins (an exception would be 
B. canis). At least for B. abortus, those results can be attributed
to Omp2b because Omp2a is not expressed in vitro [16]. 
That some hydrophobic substrates could be entering
Brucella cells directly through the lipid bilayer was first
suggested by Douglas et al. [14]. Later studies proved this
insight and showed that, in contrast to many Gram-negative
bacteria, the brucellae readily take up hydrophobic permeants
[27]. Insertion of Salmonella montevideo S-LPS into the OM
of R B. abortus reduces its permeability to hydrophobic probes
without affecting cell viability [18], and insertion of B. abortus
LPS into the OM of Ochrobactrum anthropi (a closely related
bacteria with and effective OM barrier) increases its
permeability to such probes [Velasco and Moriyón,
unpublished]. Although the absence in Brucella of efflux pumps
for hydrophobic permeants cannot be ruled out, this evidence
shows that the increased cell permeability of Brucella is mostly
due to the properties of the LPS. In E. coli, it is thought that
hydrophobic permeants are kept out because of the cooperation
between efflux systems and the barrier created by divalent
cations bridging the LPS between the anionic groups of lipid
A and core. Thus, consistent with other evidence (see Interaction
with polycations), the Brucella surface should be different at
this last level.
The significance of the hydrophobic pathway in Brucella
is unknown and it could be influenced indirectly by the
environment. There should be variations among species and
biotypes, as shown by their variable sensitivity to basic fuchsine,
a very hydrophobic dye used in Brucella biotyping. The
hydrophobic pathway of uptake accounts for the suggestive
effect of sexual hormones on Brucella CE and metabolic rates
described by Mayer [29]. Finally, because siderophores of the
2,3-dihydroxybenzoate family are moderately hydrophobic,
direct penetration of siderophore chelates through the OM could
explain why no iron induced Omp are observed in B. abortus
under conditions in which they are manifested in E. coli [23].
In fact, the moderately hydrophobic iron chelator bipyridyl is
readily taken up by Brucella [López-Goñi and Moriyón,
unpublished].
Interaction with polycations Many polycations, including
peptides of lysosomes and body fluids, have a potent
bactericidal activity due, in part, to their ability to interact
with anionic targets on the bacterial surfaces. Based on earlier
observations on the resistance of Brucella CE to EDTA,
resistance to polycations was suggested by Martin and
Hancock [26] and proved experimentally by Martínez de
Tejada et al. [28]. These authors showed that the OM of wild
type Brucella and R mutants were comparatively resistant to
a wide range of polycations including defensin NP-2, cecropin
PI, lactoferricin B, and active peptides from cationic protein
18 and bactenecin. This explains why the oxygen-independent
systems of phagocytes are inefficient in killing S and R
brucellae [39]. 
B. abortus LPS plays a clear role in the resistance to
polycations. Involvement of the O-chain is shown by the fact
that insertion of the homologous S-LPS into the OM of R 
B. abortus mutants increases their resistance to polycations
[18, 28]. Moreover, insertion of S. montevideo S-LPS into
the OM sensitizes the R mutants and, therefore, the core and
lipid A of B. abortus LPS must play a significant role [18, 28].
Since B. abortus lipid A lacks the arabinosamine and
ethanolamine residues implicated in polycation resistance in
some enteric bacteria, hypothetical explanations for the Brucella
resistance are that its LPS core lacks phosphate and acidic
sugars (both polycations targets) and that lipid A phosphates
could be neutralized by ornithine lipids (see Fig. 1). Moreover,
B. abortus LPS aggregates saturated with polymyxin B still
show residual negative charge and, accordingly, steric hindrance
in the access of polycations to lipid A phosphates caused by
core peculiarities can be postulated [47]. Elucidation of the
core structure is necessary for a definite explanation of those
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Fig. 2 Topology of the Omp of Brucella melitensis. Omp identity is indicated
by its molecular weight except for the Omp2b porin. Periplasmic domains
of the major proteins [25, 31 (missing in Brucella abortus) and Omp2b] would
allow for peptidoglycan interactions, and variations in the degree of
polymerization of the LPS O-chain and NH density could explain different
degrees of antibody (Ig) accessibility among Omp and among strains. Strong
association with LPS and lipids should be a relatively common feature, but
it could be more marked for Omp25. Omp2b and Omp31 are represented in
a trimeric state but protein interactions among different Omp should also exist.
For the lipoproteins, a peripheral location and lipid anchorage to either the
outer or periplasmic face of the OM is suggested based on their accessibility
to antibodies and overall similarity with Escherichia coli PAL and Braun’s
lipoproteins, respectively; lipoprotein acyl chains are indicated as thicker lines.
The model does not take into account the relative proportions of the Omp
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observations.
Hydrophobicity
We have proposed previously that the lipid composition,
conditions of extraction of Omp, and strong LPS-Omp
interactions strongly suggest a structural role of the hydrophobic
effect more important in Brucella that in classical Gram-negative
bacteria [31, 32]. Elucidation of the fatty acid composition of
the lipid A has added more weight to those arguments with an
interesting modification: the 27OH-C28:0 and of 29OH-C30:0
should have the hydroxyl groups located in the periplasmic
space and, therefore, the lipid A should act as a membrane
spanning toggle bolt (Fig. 1). Obviously, this greater
hydrophobicity could explain the acid-fastness of the brucellae
and the predicted hydrophobicity of Omp2b. It has to be stressed
that the greater hydrophobicity of Brucella CE is consistent
with the permeability to hydrophobic compounds, the resistance
to EDTA and conventional detergent extraction, the failure of
classical protocols of periplasm extraction, the absence of
phosphate in the LPS core and the resistance to polycations.
This is so because a stronger hydrophobic anchorage of the S-
LPS means a reduced structural role for divalent cation bridging
at lipid A-core level, and this simultaneously makes the OM
resistant to EDTA and to polycations, and accessible to nonpolar
substrates. We consider this unusual set of properties critical
for Brucella pathogenicity. 
Outer membrane properties 
and environmental sensing systems
By transposon mutagenesis of B. abortus 2308, we have
isolated two mutants which, although fully S and not showing
obvious in vitro growth defects, are markedly avirulent in
mice and essentially unable to promote their uptake by HeLa
cells and mouse macrophages. Analysis of the mutated
regions shows two adjacent genes corresponding to a two-
component regulatory system [Brucella virulence related (or
Bvr) system] with an inner membrane sensor (a histidine
protein kinase) exposed on the periplasmic side and a
cytoplasmic response regulator. In addition to their avirulence,
both mutants have altered OM properties: they show increased
sensitivity to polycations and permeability to hydrophobic
probes and surfactants [43]. Thus, it seems that some B.
abortus OM molecules related to both properties are under
the regulation of BvrR-BvrS and that the functional
characteristics of this OM vary under different environmental
conditions.
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